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Abstract 
Five different types of Ti-6Al-4V machining chips were recycled in their solid state using equal 
channel angular pressing (ECAP). The chips were produced by either turning or milling with or 
without the application of a coolant. All the as-recycled materials achieved full density but their 
microstructures, including the prior chip boundary spacing and grain size, are dependent on the 
starting chip morphologies and dimensions. The differences, however, were largely removed in the 
subsequent mill-annealing processing consisting of  homogenisation, hot deformation and final 
annealing, leading to near-identical mill-annealed microstructures for all different types of chips 
consisting of equiaxed α + β grains with lamellar α, typical following such a treatment. The 
recycled and mill-annealed materials possess high yield strengths of > 900 MPa and satisfactory 
tensile ductility of > 11 %, comparable or superior to the original commercial mill-annealed Ti-6Al-
4V and independent of the initial chip conditions. 
 
Keywords:  Recycling, severe plastic deformation, titanium alloys, oxide, thermomechanical 
processing. 
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1.  Introduction 
 Titanium (Ti) alloys, in particular Ti-6Al-4V, are widely used in biomedical and aerospace 
applications thanks to their attractive strength to weight ratio, toughness and corrosion resistance. Ti 
parts are mostly produced through machining operations and a large amount of machining chips is 
produced as a result. This inevitably adds to the already high cost of Ti manufacturing. Although 
there have been some progress in near-net-shape manufacturing of Ti-6Al-4V components using 
powder metallurgy (e.g. uniaxial die-pressing and sintering) and more recently additive 
manufacturing (e.g. selective laser melting and electron beam melting), the processes are far from 
mature and the high cost of the Ti-6Al-4V powder means that it is mostly used for niche 
applications.  
To add value to Ti manufacturing, the cost can be lowered by recycling. However, due to 
the high melting temperature and chemical reactivity of Ti alloys, traditional metal recycling 
methods such as vacuum arc remelting and electron beam cold hearth refining are not very cost 
effective. Recently, Luo et al. (2010) have shown that solid state recyling of pure Ti  machining 
chips using equal channel angular pressing (ECAP) produces fully dense materials at relatively low 
processing temperatures. The machining chips are sheared during ECAP, breaking up the surface 
oxide layer and facilitating consoldation. In the as-recycled state, Luo et al. (2012) observed that the 
chip surface oxide often remains in the microstructure without sufficient dispersion and is the cause 
for poor ductility under tension. In the case of Ti-6Al-4V machining chips, McDonald et al. (2012) 
demonstrated that a standard mill-annealing treatment of the ECAP recycled billet would dissolve 
the oxide layers and achieve superior tensile strength and ductility. Moreover, McDonald et al. 
(2014) investigated the time required for the oxide layers to dissociate and for the subsequent 
diffusion of the oxygen into the matrix at different annealing temperatures using numerical 
modelling. It was shown that the time required to dissolve the oxide is temperature dependant and 
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decreases rapidly with increasing temperature. In addition, there have been works on solid state 
recycling of other alloys, including pure Fe chips through hot extrusion and annealing (Chino et al., 
2004), Al-Si alloy chips through cold profile extrusion and cold rolling (Chiba et al., 2011), and Al-
Mg-Si alloy chips through hot and cold extrusion (Haase and Tekkaya, 2015). All have 
demonstrated the feasibility of recycling by solid-state processes and advantages over liquid-state 
recycling. 
In these reported successes in solid-state recyling of Ti, however, the machining chips were 
specially prepared with dry milling to avoid complications. In reality, coolant is almost always used 
during milling and other machining operations and the shape and size of the chips produced vary 
with the machining parameters such as the speed, feed and axial depth of cutting. For industry 
applications of such solid-state recycling processes, therefore, it is important to know if significant 
variations would result from various sources of chips. The current investigation aims to examine the 
effects of the starting chip conditions on the microstructure and mechanical properties of Ti-6Al-4V 
after solid-state recyling by ECAP and mill-annealing processing.  
 
2.  Experimental materials and procedures 
 Five different types of Ti-6Al-4V chips were produced under a variety of conditions, and 
their appearances are shown in Figure 1. MC1, MC2 and MC3 were machined from Grade 5 Ti-
6Al-4V and MC4 and MC5 from Grade 23 Ti-6Al-4V ELI (extra low interstitial). Three were dry 
machined and two using coolant, and two were produced by turning and three by milling with 
various parameters, as listed in  
. The dimensions of the chips investigated vary considerably and they are rated in relative terms in 
Table 2. Although the other types of chips were used in their as-machined morphologies, MC2, 
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being very long (> 50 cm) and curly, was chopped to a length of 1–2 cm as shown in Figure 1b. A 
larger ECAP channel diameter was used for MC2, MC4 and MC5 to accommodate the larger chip 
sizes. This is not expected to have any significant effects as shown in some earlier investigations 
(e.g. Horita et al., 2001). Additionally, MC1 and MC3 were subjected to different numbers of 
ECAP passes to examine their effects on the microstructures and properties. 
The analysed compositions of the chips and the commercial mill-annealed bar used to obtain 
MC1 and MC3 are shown in Table 3, together with the nominal ranges for the two grades of Ti. The 
slightly increased oxygen and iron concentrations in MC1 and MC2 were most likely due to the 
surface oxide on the chips and tool contamination from machining. Being the ELI grade, MC4 and 
MC5 have lower oxygen contents but otherwise similar compositions. All chips were washed in 
warm soap water and then cleaned in ethanol in an ultrasonic bath for 1 hr and dried in air. This 
cleaning step was effective in removing any contaminations from machining lubrication (Rotmann 
et al., 2011), as evidenced by the very low contents of C and N (see Tables 3 and 5 later). Although 
the contents of hydrogen were not analysed, there was no detectable hydride inclustions observed in 
the microstructure. 
 
 
The chips were recycled using ECAP with back pressure, similar to the setup detailed by 
McDonald et al. (2012). The ECAP die consisted of two channels of equal diameters (either 11 mm 
or 25 mm) intersecting at 90°. The chips were charged and compacted in the entrance channel. 
ECAP was performed at 600 °C with a pressing speed of 5 mm/min and a back-pressure of 50 MPa 
for up to 4 passes following route C (the sample rotated by 180° about the longitudinal axis between 
passes). The different ECAP parameters used for each type of chips are also shown in  
. 
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The recycled billets were subjected to mill-annealing to produce the desired final 
microstructure. The mill-annealing process consisted of three steps: (1) homogenising in the β 
phase field at 1050 °C for 30 min followed by air cooling, (2) isothermal hot forging in the α + β 
phase field at 900 °C to a reduction of 70% at a strain rate of 10-2 s-1 (giving a power dissipation 
efficiency of 0.41 according to the Ti-6Al-4V processing map produced by Park et al. (2002) 
followed by air cooling, and (3) annealing at 735 °C for 2 h followed by air cooling. In both steps 1 
and 3, the cooling rate is approximately 180 °C/min, as measured by a thermocouple attached to the 
specimen. It is worth noting that MC1 was also used in the investigation of McDonald et al. (2014) 
where step 2 was by hot rolling instead of hot forging. 
 Scanning electron microscopy (Quanta FEG 200 ESEM) was used to observe the 
microstructures on the longitudinal and cross sections of the as-recycled materials and those parallel 
to the forging direction of the mill-annealed materials. Specimens were prepared using standard 
metallographic techniques and final polishing was done using an OP-S and H2O2 (10%) solution on 
a rotating polishing pad. Densities were measured using a Mettler Toledo AB204-S density 
determination kit based on the Archimedes’ principle. The Vickers microhardness (0.5 kgf and 15 s 
dwell time) was measured on the cross section of the as-recycled materials and the plane 
perpendicular to the forging direction of the mill-annealed materials. Tensile tests were conducted 
on specimens (tensile direction normal to the forging direction) with a gauge section of 8 mm in 
length, 3 mm in width and 2 mm in thickness at an initial strain rate of 10-3 s-1. 
 
3.  Results and discussion 
3.1 Density and composition  
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 The measured densities of the chips in the as-recycled, β homogenised (i.e. after step 1), hot 
deformed (after step 2) and mill-annealed (after step 3) states are shown in Table 4. For comparison, 
the commercial mill-annealed Ti-6Al-4V bar had a density of 4.408 g/cm3. The slight differences in 
density between the 5 materials are due to variation in chemical compositions and amounts of oxide 
on the chip surface. All samples therefore appear to have achieved full density after solid-state 
recycling and at various stages of thermomechanical processing. This demonstrates that ECAP is a 
robust process and very effective in consolidating different types of machining chips regardless of 
their starting conditions. 
 
 
 The compositions of the samples after solid-state recycling and at selected stages of 
thermomechanical processing are shown in Table 5. The recycled materials possessed similar 
compositions to their respective starting machining chips (Table 3). Most importantly, the oxygen 
contents have not increased after recyling and mill-annealing. The variations of other elements after 
processing were also not significant. This again highlights the advantage of solid-state recycling as 
the relatively low processing temperature allows recycling to be carried out in ambient atmosphere 
rather than in vacuum as in the case of recycling by melting. 
 
 
3.2 Microstructures after ECAP recycling 
 The microstructure on the longitudinal section of the as-recycled MC1 (4 passes) is shown 
in Figure 2. Prior chip boundaries, appearing as lines with dark contrast and perpendicular to the 
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pressing direction (horizontal) are observed, as indicated by the arrows. The average boundary 
spacing is ~27 µm. Chip boundaries were broken due to severe shearing, allowing bonding to take 
place between chips. There were two phases, the Al-rich α phase (dark) and the V-rich β phase 
(light). The as-recycled material had an ultrafine grain structure with α and β grain sizes of mostly 
less than 1 µm (inset). 
 
 The cross section microstructures of various chips after different numbers of ECAP passes 
are shown in Figure 3. The size and distribution of the α and β phases are significantly different. For 
example, the as-recycled MC2 (Figure 3b) has much coarser and longer α lamallae compared to 
those in the other specimes, whereas the as-recycled MC3 (Figure 3c and d) has the finest overall 
microstructure, reflecting the dimensions of the starting chips (Table 2). On the other hand, 
alternating layers of coarse and fine structures are observed in the as-recycled MC4 (Figure 3e) and 
MC5 (Figure 3f), possibly resulting from the endmilling operation used. The chip boundary spacing 
also varies: averaging 80 µm for MC2, 22 µm for MC3 (1 pass), 40 µm for MC4 and 35 µm for 
MC5. The chip boundary spacing is dependant on the starting chip thickness, with the thicker chips 
having wider spacing upon recycling. It is therefore apparent that the initial chip conditions, 
especially the dimensions, have significant effects on the as-recycled microstructure. 
 
3.3 β homogenisation 
 After -homogenisation, all five ECAP recycled materials developed a full Widmanstätten 
structure of fine lamellar α in a matrix of retained β, as shown in Figure 4. Grain boudary α is 
observed at some locations. The prior chip boundaries present in the as-recycled materials were 
completely dissolved after  homogenisation. McDonald et al. (2014) have shown that titanium 
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oxide dissociates readily into Ti and O at temperatures above 700 °C and the dissociation rate 
increases with increasing temperature. The oxygen is subsequently diffused into the matrix 
following further heat treatment. Upon air cooling from the β phase field, α lamellae nucleate and 
grow from the β grain boundaries. The slow cooling of the recrystallised structure allows the 
lamellar α to grow and consume the β phase. At 1050 ˚C, a homogeneous distribution of oxygen is 
expected, leading to negligible overall increase in the O concentration (Table 5) and having little 
effects on tensile properties (McDonald et al., 2014). 
 
 The measured prior β grain size and the α lamellar thickness for each material are shown in 
Figure 4f, showing similar grain sizes (70–100 µm) with rather large scattering and lamellar 
thicknesses (0.7–1.4 µm). While the grain sizes are determined by the homogenisation temperature 
and duration, the lamellar thickness is primarily controlled by the cooling rate from the 
homogenisation temperature, with a fast cooling rate leading to finer α lamellae. Although the 
thickness of the chips is related to the spacing of the prior chip boundaries, the difference is 
removed after the dissolution of these boundaries during  homogenisation, and no significant 
differences are observed between the types of chips following  homogenisation. Instead, the 
microstructure after step 1 is mainly determined by the homogenisation and subsequent cooling. In 
other words, regardless of the initial conditions of the machining chips and the resulting differences 
in the as-recycled materials, the microstructure is normalised after undergoing  homogenisation. 
 
3.4 Microstructures after hot forging and mill-annealing 
 Following isothermal hot forging, most α lamellae were aligned perpendicularly to the 
forging direction, as shown in Figure 5 for MC1. The α lamellae were thickened and now averaged 
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between 1.8 to 2.1 µm in all the materials. Some equiaxed α grains were also observed, indicating 
that partial dynamic globularisation occurred during this step. These α grains are approximately 
1.8 µm in diameter. Compared to the microstructure produced by McDonald et al. (2014) using hot 
rolling, both the  lamellar thickness and the globularised α grains are coarser in the current hot 
forged samples.  
 
This can be attributed to the slower deformation rate in the forging process and the 
isothermal conditions used (not isothermal in the case of hot rolling), both facilitating the 
globularisation process of the α lamellar. Dynamic globularization is strain dependant and initiated 
by either shearing of the α lamellar or sub-boundary formation due to recovery, followed by the 
nucleation of an interface and subsequent penetration of the β phase leading to the separation of the 
α lamellar (Weiss et al., 1986). The mechanism of the interface formation is through recovery by 
cross-slip or dislocation annihilation on intersecting slip planes to form dislocation interfaces of the 
same sign along the line of shear (Seshacharyulu et al., 2000). This means that sufficient dislocation 
movement is required for dynamic recrystalisation to take place. Consequently, fragmentation of the 
 lamellar takes place when these interfaces migrate through diffusion to minimise the surface 
energy. Dynamic globularization also preferentially occurs at kinked α plates due to the high 
dislocation density and driving force for recrystallisation (Semiatin et al., 1999). Indeed, many 
equiaxed α grains were observed between fragmented α lamellar after hot forging (Figure 5).  
 The final annealing led to the so-called mill-annealed microstructure, consisting of both 
equiaxed α and β grains as well as α lamellae, as shown in Figure 6 for the various materials. The 
annealing temperature of 735 °C is in the α + β phase field and thus primarily has the effect of stress 
relieving, microstructure coarsening and static globularization. It results in a more complete 
breakup of the lamellar structure through further β phase penetrationn, termination migragtion and 
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Ostwald ripening (Stefansson and Semiatin, 2003). Termination migration is a coarsening 
mechanism whereby any difference in the curvature between the termination and flat interface of 
the α plates creates a chemical potential gradient, and mass transfer from the termination to the flat 
interface leads to dissolution of the termination tip and coarsening of the adjacent plates (Stefansson 
and Semiatin, 2003). On the other hand, Ostwald ripening is the coarsening of  particles by 
annihilation of smaller ones through diffusion. Continued coarsening of the α particles results in 
coarser lamellar and equiaxed grains with smaller aspect ratios. For example, the area fractions of 
the lamellar and equiaxed α in MC2 after hot forging is 71% and 29%, respectively. After the final 
annealing, the mill-annealed microstructure consists of approximately 80% equiaxed α and β grains. 
The average α particle size measures ~2–2.4 µm in all the materials. 
 
 Most importantly, after mill-annealing the final microstructures are nearly identical for all 
the different chips recycled. It appears that while the machining chip dimensions may have some 
influence on ECAP consolidation and the as-recycled microstructure, the prior chip boundaries, 
micropores and other defects are easily removed after the mill-annealing processing. This shows 
that the ECAP recycled Ti-6Al-4V can undergo the same thermomechanical processing and be 
intergrated into the existing production lines with no special treatment required. 
 
3.5 Mechanical properties 
 The Vickers microhardness values of the five recycled materials at different stages of 
processing are listed in Table 6. In general, the as-recycled materials have the highest hardness due 
to their ultrafine grains and high density of dislocations from severe plastic deformation, as well as 
hard oxide layers from the prior chip boundaries. The hardness was reduced after β homogenisation 
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as the oxides were dissolved and α lameallae formed. Although hot forging and the final annealing 
steps have further changed the microstucture, there is little variation in hardness, thanks to dynamic 
globularization and recrystallization which mitigate any hardening during hot deformation (Hayashi 
et al., 1994). The hardness values of MC4 and MC5 are lower due to their lower oxygen contents, 
but otherwise follow a similar trend with processing steps. The sligth increase in hardness after the 
final annealing step is attributable to an increase in the equiaxed α and β grains. 
 
 The corresponding tensile true stress versus true strain curves for various mill-annealed 
materials are shown in Figure 7 and Figure 8. Three different samples were produced for MC1, 
subjected to 1, 2 and 4 ECAP passes, respectively, followed by the same mill-annealing treatment. 
All three MC1 specimes (Figure 7) have yield stresses of ~1050-1100 MPa, higher than the original 
commercial mill-annealed rod with a yield stress of ~900 MPa (McDonald et al., 2014). The 
recycled MC2, MC3, MC4 and MC5 materials (Figure 8) also have yield stresses comparable (MC4 
and MC5) or superior (MC2 and MC3) to the commercial mill-annealed alloy, although the oxygen 
concentrations in MC4 and MC5 are much lower (oxygen is an effective strengthener in Ti). The 
tensile ductility of all the materials shown in Figure 8 are within the range specified in ASTM B348 
(2013) for Ti-6Al-4V (10 %), with MC1 (4 passes) reaching as high as 16 %. 
 
 Several observations can be made. First, the recycled materials after standard mill-annealing 
treatment are as strong and often stronger than the original alloy. This could be attributed to a 
combination of the refined grain and phase structures due to severe plastic deformation (all) and 
higher oxygen contents (MC1–3). Second, the tensile ductility is somewhat lower in the recycled 
materials. Although the higher oxygen contents in MC1–3 might have played some role, the low 
oxygen MC4-5 also have less ductility. It is noted, however, that MC4-5 are only processed for 1 
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pass, and yet possess ductility comparable to MC2 and MC3 processed for 4 passes. Based on the 
tensile results on MC1 (Figure 7), it appears that tensile ductility increases with increasing number 
of ECAP passes, and MC1 (4 passes) exhibits the highest ductility comparable to the original 
commercial extrusion rod.  
There have been limited research on ECAP of Ti-6Al-4V. Semenova et al. (2004) performed 
ECAP of commercial Ti-6Al-4V rods at 700˚C using a 120˚ angled channel for 8 passes. The 
resulting microstructure consists of ultrafine grains, leading to a yield strength of 1200 MPa and 
ductility of 11%. Similar refinement in microstructre after ECAP was also reported by Ko et al., 
2003 in a fully lamellar Ti-6Al-4V after 4 passes at 600˚C, resulting in grains of 0.2-0.3 µm. 
However, no heat treatment has been conducted on the ECAP processed alloys since a  
homogenisation as used in the mill-annealing treatment here would remove any grain refinement 
achieved by ECAP. It is possible that a higher number of passes results in a more uniform 
microstructure, as reported by Luo et al. (2012), and less harmful processing defects such as micro-
pores, incomplete bonding and impurities related to the chip surfaces other than oxide which 
dissolves. As tensile ductility is sensitive to many microstructural features, it is difficult to pin point 
the reason, but it can be generally concluded that one pass of ECAP is sufficient to give the 
recycled Ti-6Al-4V after mill-annealing satisfactory ductility that is little dependent on the types of 
chips, although more passes might improve further. 
 
4. Conclusions 
1. The solid-state recyling process using ECAP is robust and efficient in consolidating different 
types of Ti-6Al-4V machining chips, regardless of their starting conditions such as sizes, 
shapes and use of lubricants. The as-recycled materials were fully dense, consisting of a highly 
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refined grain structure and discontinuous bands of titanium oxide at the prior chip boundaries. 
The increase in oxygen and other interstitial contents during recycling is insignificant thanks to 
the relatively low processing temperature. 
2. Although the microstructures in the as-recycled state are different for the various types of chips, 
the subsequent mill-annealing processing, standard for Ti-6Al-4V, readily dissolves the oxide 
into the titanium matrix and gives rise to a typical microstructure of equiaxed α + β grains with 
lamellar α. That is, the starting chip size, shape and conditions have little influence on the final 
mill-annealed microstructure. For this recycling process based on ECAP to be commercially 
viable it is critical that all types of chips from different machining operations and conditions 
can be recycled and conventionally heat treated to produce typical microstructures and 
mechanical properties, as demonstrated here in the case of recycling plus mill-annealing. 
3. The recycled plus mill-annealed materials generally have high yield stresses of > 900 MPa and 
tensile ductility of > 10 %, satisfying the minimum ASTM standards for Grade 5 Ti-6Al-4V 
and comparable to or better than the original extruded rod. Increasing the number of ECAP 
passes appears to improve ductility of the final product. The mode of hot deformation in the 
mill-annealing treatment also has an effect, with hot rolling resulting in better tensile 
performance than hot isothermal forging. 
4. Since the recycled materials can be treated using the standard processes, leading to tensile 
properties as good as those of the commercial Ti-6Al-4V, the recycled alloy can potentially be 
considered for the same applications, including bolts and nuts by forging, wires by drawing, 
and armour plates by rolling. However, more sophisticated tests such as fracture and fatigue are 
needed to fully characterise the performance of the recycled materials. 
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Figure captions 
 
Figure 1 Appearances of the different types of Ti-6Al-4V machining chips used for solid-state 
recycling. 
Figure 2 Microstructure of the as-recycled MC1 showing prior chip boundaries aligned 
perpendicular to the ECAP direction (horizontal) and ultrafine α grains of < 1 µm 
(inset). 
Figure 3 Microstructures after ECAP recycling of (a) MC1 (4 passes), (b) MC2 (4 passes), (c) 
MC3 (1 pass), (d) MC3 (4 passes), (e) MC4 (1 pass) and (f) MC5 (1 pass), showing 
the variations for different chips. 
Figure 4 Microstructures after β-homogenisation of (a) MC1 (4 passes), (b) MC2 (4 passes), (c) 
MC3 (4 passes), (d) MC4 (1 pass) and (e) MC5 (1 pass). (f) The corresponding 
average prior β grain sizes and α lamellar thicknesses.  
Figure 5 Microstructure after hot forging of MC1 (4 passes), showing a mixture of primarily α 
lamellae and partially globularised α particles. 
Figure 6 Microstructures after final annealing of (a) MC1 (4 passes), (b) MC2 (4 passes), (c) 
MC3 (4 passes), (d) MC4 (1 pass) and (e) MC5 (1 pass), showing largely similar 
features typical of mill-annealing.  
Figure 7 Tensile stress versus strain curves for MC1 after ECAP recycling (1, 2 and 4 passes) 
plus mill-annealing, showing higher strength than that of the original commercial alloy, 
and comparable ductility in the sample after 4 passes. 
Figure 8 Tensile stress versus strain curves for the various types of chips after ECAP recycling 
and mill-annealing treatment. 
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Figure 1 Appearances of the different types of Ti-6Al-4V machining chips used for solid-state 
recycling. 
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Figure 2 Microstructure of the as-recycled MC1 showing prior chip boundaries aligned 
perpendicular to the ECAP direction (horizontal) and ultrafine α grains of < 1 µm 
(inset). 
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Figure 3 Microstructures after ECAP recycling of (a) MC1 (4 passes), (b) MC2 (4 passes), (c) 
MC3 (1 pass), (d) MC3 (4 passes), (e) MC4 (1 pass) and (f) MC5 (1 pass), showing 
the variations for different chips. 
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Figure 4 Microstructures after β-homogenisation of (a) MC1 (4 passes), (b) MC2 (4 passes), (c) 
MC3 (4 passes), (d) MC4 (1 pass) and (e) MC5 (1 pass). (f) The corresponding 
average prior β grain sizes and α lamellar thicknesses.  
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Figure 5 Microstructure after hot forging of MC1 (4 passes), showing a mixture of primarily α 
lamellae and partially globularised α particles. 
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Figure 6 Microstructures after final annealing of (a) MC1 (4 passes), (b) MC2 (4 passes), (c) 
MC3 (4 passes), (d) MC4 (1 pass) and (e) MC5 (1 pass), showing largely similar 
features typical of mill-annealing.  
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Figure 7 Tensile stress versus strain curves for MC1 after ECAP recycling (1, 2 and 4 passes) 
plus mill-annealing, showing higher strength than that of the original commercial alloy, 
and comparable ductility in the sample after 4 passes. 
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Figure 8 Tensile stress versus strain curves for the various types of chips after ECAP recycling 
and mill-annealing treatment. 
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Table 1 Machining and ECAP conditions for the Ti-6Al-4V chips used. 
Material 
Machining parameters ECAP parameters 
Coolant 
Operation 
type 
Cutting 
speed 
(m/sec) 
Feed 
(mm/rev) or 
(mm/tooth) 
Axial cut 
depth (mm) 
Channel 
diameter 
(mm) 
Number of 
passes 
MC1 No Turning 60 0.10 1.0 11 1, 2, 4 
MC2 No Turning 85 0.15 1.0 25 4 
MC3 No Facemill 50 0.01 0.5 11 1, 4 
MC4 Yes Endmill 75 0.04 0.5 25 1 
MC5 Yes Endmill 60 0.04 1.0 25 1 
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Table 2 Relative dimensions of the different machining chips rated from 1 (smallest) to 5 (largest) for length 
(from 0.1 to 3 cm), thickness (50 to 500 µm) and width (0.1 to 1 cm), respectively. 
Material Length Thickness Width 
MC1 2 2 1 
MC2 5 5 2 
MC3 1 1 1 
MC4 4 4 5 
MC5 5 3 3 
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Table 3 Analysed compositions (wt.%) of the Ti-6Al-4V machining chips, and the commercial mill-annealed bar used 
to obtain MC1, MC2 and MC3, as well as the nominal compositions for Grade 5 and Grade 23 Ti-6Al-4V.  
Material Ti Al V N C O Fe 
Ti-6Al-4V (Grade 5)  Balance 5.5-6.75 3.5-4.5 0.05 max 0.10 max 0.20 max 0.40 max 
Ti-6Al-4V ELI 
(Grade 23) 
Balance 5.5-6.5 3.5-4.5 0.05 max 0.08 max 0.13 max 0.25 max 
Commercial mill-
annealed bar 
Balance 6.35 3.73 0.01 0.01 0.20 0.07 
MC1 Balance 6.27 3.88 0.02 0.01 0.24 0.12 
MC2 Balance 5.65 3.60 0.02 0.01 0.21 0.12 
MC3 Balance 6.15 3.87 0.005 0.01 0.17 0.08 
MC4 Balance 6.00 3.85 0.005 0.01 0.08 0.11 
MC5 Balance 5.96 3.76 0.005 0.02 0.10 0.09 
 
  
Submitted to J. Mater. Process. Technol. Lui et al. 2016 
 
29 
  
Table 4 Measured densities (g/cm3) at different stages of recycling and mill-annealing. 
Material As-recycled β-homogenised Hot deformed Mill-annealed 
MC1 4.419 4.421 4.414 4.425 
MC2 4.433 4.419 4.421 4.423 
MC3 4.418 4.413 4.409 4.404 
MC4 4.424 4.429 4.425 4.430 
MC5 4.421 4.431 4.424 4.428 
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Table 5 Analysed compositions (wt.%) of the various Ti-6Al-4V machining chips at different stages of recycling 
and mill-annealing. 
Stages Ti Al V N C O Fe 
MC1 
As-recycled Balance 6.11 3.90 0.06 0.06 0.24 0.14 
β-homogenised Balance 6.12 3.93 0.03 0.04 0.24 0.14 
Mill-annealed Balance 6.25 3.88 0.04 0.02 0.22 0.12 
MC2 
As-recycled Balance 5.65 3.56 0.035 0.01 0.21 0.12 
Mill-annealed Balance 5.73 3.58 0.046 0.01 0.22 0.11 
MC3 
As-recycled Balance 5.90 3.75 0.005 0.01 0.17 0.07 
Mill-annealed Balance 6.15 3.84 0.013 0.01 0.17 0.08 
MC4 
As-recycled Balance 5.99 3.81 0.007 0.04 0.07 0.10 
Mill-annealed Balance 6.08 3.73 0.009 0.03 0.08 0.13 
MC5 
As-recycled Balance 5.96 3.77 0.007 0.04 0.08 0.10 
Mill-annealed Balance 6.03 3.80 0.007 0.02 0.08 0.11 
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Table 6 Vickers microhardness (MPa) at different stages of the recycling and mill-annealing process. 
Material As-recycled β-homogenised Hot deformed Mill-annealed 
MC1 4114 3671 3426 3514 
MC2 3815 3542 3624 3747 
MC3 3909 3740 3634 3721 
MC4 3728 3292 3359 3487 
MC5 3668 3285 3350 3496 
 
 
 
 
